Adolescent Child Female Hand deformity Congenital Body functions of the hand and forearm Male Manual activity capacity a b s t r a c t Objectives: To evaluate manual activity capacity (i.e. activity capacity to perform hand activities) and its relation with body functions of the hand and forearm in children with congenital hand differences (CHD) Methods: We assessed 10e14 year-old children with CHD (N ¼ 106) using a functional handgrips test. Measurements of body functions included joint mobility and muscle strength. Patient characteristics were hand dominance and severity. Results: We found a stronger relation between body functions and manual activity capacity in nondominant hands than dominant hands. Dominant hands scored significantly higher on manual activity capacity than nondominant hands that were similarly impaired at body functions level. Severity of the CHD and body functions had only small effects on manual activity capacity. Conclusion: The relation between body functions and manual activity capacity is stronger in nondominant hands than dominant hands, indicating that improvement in body functions lead to larger changes in manual activity capacity in the non-dominant hand. This may suggest that in bilaterallyaffected children surgery should be done at the non-dominant hand first since this hand would benefit most from surgery-induced body functions improvement.
Introduction
The impact of a congenital hand difference (CHD) on a child's functioning can be described at different levels of functioning. 1 The
World Health Organization's International Classification of Functioning, Disability, and Health for Children and Youth (ICF-CY) distinguishes three domains: body functions, activity and participation. 2 Children with a CHD can experience impairments in body functions of the hand and forearm, further referred to as body functions, such as restricted joint mobility, sensation and grip strength, and may be restricted in activities. A child's activity, which the ICF-CY defines as the execution of a task or action by an individual, can be described by the two qualifiers of capacity and performance. 2 'Capacity' is defined as what a child can do in a standardized environment, and 'performance' is what a child actually does do in daily life. Impairments in body functions can lead to restrictions in capacity to perform daily activities that require the use of the upper limbs. 3 While capacity reflects the child's ability to execute a task, performance is additionally influenced by the child's environment, which can facilitate or hamper performance. 2 In general, rehabilitation interventions as well as surgical interventions in children with CHD aim to improve body functions with the ultimate goal to improve manual activity capacity, also referred to as dexterity or manual ability. For example, hand surgeons perform muscle tendon transfers to enhance strength for specific movements or perform osteotomies to improve alignment of bones and joint movements. Even so, strength training and splinting therapy aim to improve muscle strength and joint mobility. However, the relationship between body functions and manual activity capacity to perform tasks is not straightforward and therefore it is difficult to state whether these interventions lead to the intended improvement of manual activity capacity. 4, 5 Although body functions in children with CHD are well studied, the key components of the domain of body functions determining manual activity capacity of these children are largely unknown. 6e8 For example, many surgical interventions aim at strengthening the thumb, since it is assumed that the presence of a thumb accounts for at least 40% of the usefulness of the total hand. 9 However, objective data are lacking to support which muscle functions are most important for manual activity capacity and which levels of joint mobility and muscle strength are needed for manual activity capacity.
Understanding the relation between body functions and manual activity capacity is essential for developing and selecting appropriate intervention strategies in children with CHD. Therefore, the aim of the present study was to disentangle the relationship between body functions and manual activity capacity in children with CHD.
Materials and methods
This study used data from a cross-sectional study on functioning and health-related quality-of-life of children with a CHD. The Medical Ethical Committee of our hospital approved the study and parents gave their informed consent to participate, as did all children above 12 years of age.
Participants
Participants in this study sample were recruited from a database of children with a CHD treated at our hospital. Inclusion criteria were: age 10e14 years, no cognitive or developmental delay, and sufficient knowledge of the Dutch language. We selected a heterogenous group of CHD patients to ensure that we had a relatively large variation in both body functions and manual activity capacity that would allow for investigating their interrelations. Three hundred participants were randomly selected using a computer generated random sequence. We evaluated 120 participants and we found no differences between participants and non-participants regarding gender, diagnosis, and severity of the CHD. Children and their parents received a letter concerning the purpose and procedure of the study. When they agreed to participate, a measurement session was planned and inform consent forms were signed. Due to time burden, some children did not participate in all measurements and we had missing values on some outcome measures (in 5 children we missed measurements on manual activity capacity, in 4 children on strength, in 1 child both on manual activity capacity and strength, in 2 on Kapandji and in 2 on palmar abduction) Therefore, we were able to evaluate 106 of the children for the mentioned research purpose. Characteristics of the participating children are presented in Table 1 .
Manual activity capacity
Since there is currently no available standardized assessment of manual activity capacity in children with CHD, we tested manual activity capacity using the Eliasson test. Eliasson et al developed this test for children based on the Sollerman test, evaluating 6 types of grip in 9 tasks (Table 2) . 10 This test, which is less extensive than the Sollerman test and more suitable for children of our age group, consists of tasks that require grasping objects either transverse grasping or diagonal grasping and tasks that require pinch grip. All tasks are scored on a 5-level ordinal scale. The scores range from 0 if the child cannot grip the object to 4 if the child can grip the object Grips object using an awkward grip and motion but completes task 3
Grips object using a slightly deviant grip and motion but completes task 4
Grips object using normal grip and motion and completes task and complete the task with a normal grip and motion. If relevant anatomical structures or body functions were absent, children could not score maximally on the task, but only a maximum of 2 out of 4 (see Table 2 ). All scores are added up and provide a sum score between 0 and 36. Based on this score the limitation of manual activity capacity can be qualified as severe (score 13), moderate (score 14e21), and mild (score ! 22).
Body function
The variables taken into account at the domain of body functions were the total active range-of-motion (TAROM), palmar abduction of the thumb, Kapandji thumb range-of-motion score, and grip-, tipetip pinch-, tripod pinch-, lateral pinch-and opposition strength.
We evaluated joint mobility using a finger goniometer to calculate TAROM per hand as the sum of the AROM of all present joints. 11 As a result, if joints or fingers were lacking, a lower TAROM was scored. Additionally, we evaluated thumb range of motion using Kapandji thumb range-of-motion, 12 and palmar abduction using the Pollexograph. 13 Muscle strength was evaluated by measuring grip-and pinch strength (tipetip pinch, tripod pinch and lateral pinch) with the Lode handgrip and pinch grip dynamometer (Lode Medical Technology, Groningen, The Netherlands) and opposition strength was measured using the Rotterdam Intrinsic Hand Myometer (RIHM To correct for severity of CHD, we added the number of affected digits per hand and affected sides (unilateral involvement versus bilateral involvement) as possible covariates. In addition, hand dominance was taken into account as a covariate in the model.
Hand dominance was established by taking the writing hand as the dominant hand. Both manual activity capacity examination and body functions measurements were evaluated for both hands.
Statistical analysis
Measures of centrality and spread on all outcome measures per hand are presented in Table 3 . Differences between dominant hands and nondominant hands were tested with the Friedman's test. A mixed model of 212 hands was constructed to determine whether the Eliasson score was related to the covariates. Intrapatient correlation in the Eliasson score was accounted for by taking all dominant and nondominant hands (not only the affected hands) as random effect in the model. The initial model consisted of all the covariates as fixed effects together with the interaction terms between the covariates and the effect of hand dominance. From the full model non-significant fixed effects were removed stepwise using likelihood ratio test with p-values for removal >.1. The main fixed effects were kept in a final model if the interaction term was significant and are displayed in Table 4 . The need for the random effect was tested using a mixture of chi-square distributions.
Results
The distribution of the scores on manual activity capacity is displayed in Fig. 1 . Only 8 unilaterally affected children were affected at the dominant hand with no or mild limitation of manual activity capacity. Limitation of manual activity capacity of the other unilaterally affected children's nondominant hand was almost equally spread over all severity categories (Fig. 1a) . In the bilaterally affected children, the nondominant hand was more limited in manual activity capacity than the dominant hand (Fig. 1b) . Table 3 represents measures of central tendency and statistical significance of all outcome measures. Despite of the large variance within both dominant and nondominant hands on all outcome measures at body function level, dominant hands scored significantly better on all body functions than nondominant hands (Table 3) . On average, children with CHD showed reduced muscle strength on all strength measurements compared to reference values and differences were more evident in the nondominant hand. Bilateral involvement lowered the score on manual activity capacity, as did the number of affected fingers.
Relations between manual activity capacity and hand dominance
The scatterplots of the explaining variables versus manual activity capacity are shown in Fig. 2aee . The nondominant hand scored lower on manual activity capacity than the dominant hand, with the difference being larger on the left side of the scatterplots, i.e. when the scores on the body functions variables are lower. However, when adjusting for the effects of other covariates in the model (Table 4) , the largest effect was found for hand dominance (p < .001). More specifically, in children with low scores on body functions, the difference between the dominant and nondominant hand can add up to 20 points (i.e. the estimate of the intercept of the dominant hand minus the intercept of the nondominant hand, Table 4 ). The interaction effect between "nondominant" and "bilateral involvement" indicates that the effect of bilateral involvement on the manual activity capacity was different for dominant and nondominant hand. In comparison with unilaterally affected children, the dominant hand of bilaterally affected children scored 3.8 points lower on manual activity capacity and the nondominant hand of bilaterally affected children scores 1 point (4.8e3.8) better than the nondominant hand of unilaterally affected children (Table 4) .
Relations between manual activity capacity and range of motion
Smaller effects were found for TAROM, palmar abduction, grip-, tipetip-and lateral pinch strength and number of affected digits. While hand dominance and TAROM interact on estimating manual activity capacity, the effect of TAROM on manual activity capacity was different for the dominant and nondominant hand. Namely, for the nondominant hand the increase is larger by .008 per degree a All estimates refer to the both hands, unless there is an interaction effect with "nondominant hand" and that effect should be added to the equation, stating differences between dominant and nondominant hands. increase in TAROM. Since the scoring range on TAROM is about 1400 degrees, the difference of TAROM on the manual activity capacity score between the lowest and the highest TAROM score for the dominant hand is 2.8 points and for the nondominant hand 14 points on manual activity capacity. This interaction effect was also found with palmar abduction. The increase in manual activity capacity score per degree increase in palmar abduction for the nondominant hand is larger by .07. Since the scoring range on palmar abduction is 0 e60 the difference in manual activity capacity between the lowest and the highest score on palmar abduction is for the dominant hand 3 points and for the nondominant hand 7.2 points.
Relations between manual activity capacity and muscle strength
For grip strength, 1% increase in strength enlarges the score with .075 points in the nondominant hand group on manual activity capacity (Table 4) . With a range of 0e100% grip strength, this means a maximum difference of 7.5 points on the Eliasson test. For tipetip pinch strength, the score increases with .03 points on manual activity capacity with a 1% increase in relative strength for both dominant and nondominant hands. This means a 100% strength is associated with a 3-point increase in manual activity capacity. The effect of lateral pinch is also the same for dominant and nondominant hands, namely .02 per 1 percent increase in relative strength. This means that the largest difference between the worst and the best scoring child on pinch strength is 2 points. An increasing number of affected digits have a negative effect on the manual activity capacity score. Each additionally affected digit decreases the score by .6 points for both the dominant and nondominant hand.
Discussion
In this study, we investigated limitation of manual activity capacity and its relation with body functions in 106 children with diverse forms of CHD. Manual activity capacity, measured with the Eliasson functional handgrip test, showed mild to moderate limitation. We found that manual activity capacity in these children is to great extent determined by hand dominance. Hand dominance also interacts with TAROM, palmar abduction of the thumb and grip strength in estimating manual activity capacity. Therefore, the effect of these body functions on manual activity capacity is different Fig. 2 . a) Scatterplot of correlation between total active range of motion and manual activity capacity divided for dominant hands and nondominant hands. b) Scatterplot of correlation between palmar abduction and manual activity capacity divided for dominant hands and nondominant hands. c) Scatterplot of correlation between grip strength and manual activity capacity divided for dominant hands and nondominant hands. d) Scatterplot of correlation between tipetip pinch strength and manual activity capacity divided for dominant hands and nondominant hands. e) Scatterplot of correlation between lateral pinch strength and manual activity capacity divided for dominant hands and nondominant hands.
for the dominant hand than for the nondominant hand. While "bilateral involvement" interacts with hand dominance, the effect of hand dominance is different for unilaterally than bilaterally involved children. Due to the positive relation between grip-, tipe tip pinch-, and lateral pinch strength and manual activity capacity, higher strength scores result in better manual activity capacity. More affected digits per hand have a negative effect on the manual activity capacity scores.
Measuring body functions in children with CHD is generally accepted for diagnostic purposes and for evaluating interventions. Although interest in manual activity capacity is growing, this is a less frequently-used outcome measure than measures regarding body functions. Manual activity capacity of children with a CHD of different severity, as measured in our study, is to our knowledge not previously reported. Since there is no well-defined score or classification to express disease severity in CHD and its subgroups, in the regression model, we have taken into account objective measures of severity, such as unilateral or bilateral involvement and number of affected digits, but also TAROM and muscle strength are indicators for severity. Correcting for these measures of severity, the regression analysis then allowed us the study the individual contributions of these body functions on manual activity capacity.
In this study, we included a relatively heterogenous population of children with CHD, with differences that varied from a simple syndactyly that will have little impact on body functions, to severe forms of radial deficiency that lead to very severe impairments in body functions. Consequently, based on the present findings, we cannot make statements for specific diagnosis groups. On the other hand, however, the large and diverse study population enabled us to study body functions, manual activity capacity and their interrelationships and determinants regardless of the diagnosis. These interactions otherwise could not be studied due to the small group sizes per diagnosis and even within these groups all subforms of CHD and its different comorbidities.
Hand dominance was the strongest predictor in our model, which means that if all other variables in the model are kept constant, hand dominance predicted most strongly the variance in manual activity capacity (i.e., when impairments are similar in both hands, dominant hands have a better manual activity capacity than nondominant hands). It should be noted, however, that hand dominance is largely debated 18e20 and a difficult concept to describe, especially in case of CHD. Although hand dominance has been described as the tendency to perform the majority of tasks with one hand rather than the other, this does not necessarily mean that the chosen hand is more efficient. The distinction between hand dominance and hand performance has been extensively studied and conflicting theories are used to describe the development of the dominant hand. 21, 22 Some researchers describe that children choose their best performing hand to be their preferred or dominant hand, 22 whereas others conclude that preference precedes performance. 21 In the first model, the preferred hand in children with unilateral CHD will generally be the unaffected hand and in children with bilateral CHD the less-affected hand. In the second model, the child's preferred hand could be either hand, regardless of the impairment. In this study, since we did not expect hand dominance to be a major factor in determining the relation between manual activity capacity and body functions and for the time burden of the children, we choose to define the dominant hand by asking the children about their writing hand instead of a questionnaire. Now that we found that dominance played a major role in relation between the two levels, in retrospect we better might have chosen a questionnaire, enabling us to make firmer statements on hand dominance. In our institution, surgeons often choose in bilaterally affected children to operate on the dominant hand first. The idea is that this makes the dominant hand stronger and better in manual activity capacity to perform daily activities. Sometimes children and their parents do not opt for a second operation due to experiences with the first operation. Therefore, it is crucial to choose the best option the first time. This depends also on the goal of the intervention. Based on our findings we would suggest that there is more to gain in manual activity capacity from body functions in the nondominant hand.
In this study, we found that when we compare children with similar scores on all body functions, the nondominant hand of bilaterally affected children scored better on manual activity capacity. This difference may be explained by the alternate use of both hands in bilaterally affected children in unimanual daily tasks while unilaterally involved children may only use the non-affected hand. As a result, the nondominant hand of bilaterally affected children may be more trained than that of unilaterally affected children. This phenomenon is referred to as developmental disregard in children with cerebral palsy and as learned non-use in other groups of unilaterally affected children and in adult stroke patients. 23, 24 If this is the case, forced use techniques or bimanual training could be an option for treatment in these children and needs to be further investigated since these therapy options have already proven to be effective in children with cerebral palsy and brachial plexus lesions. 25, 26 Although their contribution was less explicit than hand dominance and severity of the CHD, several body functions also influenced manual activity capacity: TAROM, palmar abduction of the thumb, grip-, tipetip pinch-, and lateral pinch strength. The effect of the body functions on manual activity capacity was larger for the nondominant hand than for the dominant hand. The univariate relations of all body functions with manual activity capacity seem to have a large effect in the nondominant hand (Fig. 2aee) , but when they are entered in the multivariate regression their effect is significant, but smaller.
Surgeons improve body functions aiming at an increase in manual activity capacity, but, based on our findings, this improvement in body functions may result in only small improvements in manual activity capacity. Children showed an average of 15e27% impairment in the dominant hand compared to typically developing children, but 0e3% limitation of manual activity capacity. For the non-dominant hand, an average difference of 29e60% in body functions was found compared to reference values but only a decrease in manual activity capacity of 22% as measured with the test of Eliasson et al Since the Eliasson test has a limited scale, it may have restricted finding stronger relations between manual activity capacity and body functions. On the other hand, this phenomenon is also found in other diagnosis groups. 27, 28 Even when all body functions that enhance manual activity capacity score 0 preoperatively and maximum postoperatively, the maximum increase in manual activity capacity for the dominant hand may be 11 points. On the other hand, for the nondominant hand this all may add up to 33 points on a scale from 0 to 36. Manual activity capacity may be higher in our study group compared to all children with CHD, because we also included children that underwent surgery in the past. This may influence the generalizability of the outcome on manual activity capacity for all children with CHD, but does not hinder the analysis of the relation between manual activity capacity and body functions.
In clinical practice, opposition strength is often mentioned as a key variable and several surgical techniques are practiced to enhance thumb opposition strength. However, in this study, we found that this variable did not significantly influence manual activity capacity in a multi-variate analysis. This means that it does not significantly contribute to manual activity capacity, when corrected for other variables. However, this does not mean that opposition is not important in functioning of the hand. For instance, for tipetip pinch besides a stable thumb a child needs good opposition strength. This should be further investigated whether there is a difference in manual activity capacity pre-and postoperatively in children that underwent opposition strengthening.
Conclusion
In conclusion, the present study shows that in children with CHD the dominant hand scores better on manual activity capacity, even after correcting for differences in hand functions (e.g., strength and mobility) and that there is a stronger relationship between body function and manual activity capacity in non-dominant hands of bilaterally affected children.
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